Rare isotropic gabbroic xenoliths occur in sheet 
INTRODUCTION
Recent studies of oceanic crust suggest that size and longevity of axial magma chambers beneath oceanic spreading centers and the petrology of the erupted igneous rocks are largely a function of spreading rate. Magma chambers beneath slow spreading centers are thought to be small and in some places transitory [Stakes et al., 19841 , while beneath intermediate to fast spreading centers they are steady state [Macdonald, 19821 . A natural consequence of steady state magma chambers undergoing continuous fractionation is mixing between batches of primitive magma and residual differentiates. Mixing is now recognized as an important petrologic process in the generation of mid-oceanic ridge basalt (MQRB) and has been invoked by various authors to explain (1) the eruption of homogeneous basalt compositions over long time periods [Walker et al., 19791 , ( 5 ) magma with chemical and mass balance characteristics of plagioclase accumulation even though the lavas contain few or no plagioclase phenocrysts [Flower, 19821, and (6) the homogeneity of isotopic compositions along moderate to fast spreading centers [Coheiz and O'Nioiis, 1982; Allegre et al., 1983; Batiza, 19841 .
The role of mixing in the production of ferrobasalt, how-ever, is less certain. Clague aiid Burieh [1976] used linear least squares mixing models of major elements to show that ferrobasalt can be produced by shallow level fractionation of plagioclase, clinopyroxene, and minor olivine in the average proportions of 9.3: 7.7: 1 with up to 74% of the parental magma fractionally crystalbing. híattey and Muir [1980] , on the other hand, found that a model for mixing of periodically injected batches of primitive magma with residual differentiates could more closely predict variations in major and trace elements in ferrobasalt from Deep Sea Drilling Project (DSDP) sites 424 and 425 near the Galapagos spreading center 86"W. Nutland Cl9831 found no geochemical evidence for mixing between olivine tholeiite and ferrobasalt at the East Pacific Rise near the Siqueiros Fracture Zone. H e argued that ferrobasalt in this area formed due to crystal fractionation in small isolated magma bodies such as dikes or shallow intrusions above larger magma chambers. Siiitori et al. Cl9831 proposed that ferrobasalt is generated in small isolated magma bodies behind propagating rift tips. Farther behind the propagating rift tip, extreme differentiation becomes less likely as the steady state thermal configuration of a normal ridge is approached. These studies suggest that the extent of differentiation of MORB may be controlled by a delicate balance between cooling and magma supply rates.
The effects of differentiation and mixing are recorded in oceanic plutonic rocks, but at the present time, sampling of the plutonic rocks is severely biased toward the Atlantic and Indian oceans, where slow spreading rates result ir! large displacements along transform faults and rift valley boundaries Rare glass-bearing gabbroic xenoliths occur in nearly aphyric ferrobasalt collected from the southern Juan de Fuca Ridge. In this report we present major and trace element data for the host ferrobasalt and mineral phase chemistry for these unaltered gabbroic xenoliths. Detailed discussion of lava chemistry provides a frankwork for comparison with the gabbroic xenoliths. The data are used to evaluate the role of mixing in the formation of ferrobasalt and the longevity of subaxial magma chambeis át the Juan de Fuca Ridge.
GFOLOGIC SFTTINC The Juan de Fuca Ridge extends 500 km from the Blanco Fracture Zone to the Sovanco Fracture Zone and is a moderate-rate spreading center (30 mm yr-half rate) separating the Pacific and Juan de Fuca plates (Figure 1 ). Previous petrologic studies of basalt from the Juan de Fuca Ridge show that the southern two thirds of the ridge (south of the Cobb offset) is characterized by strongly fractionated mid-oceanic ridge basalt (MORB) with high F e o , Tio,, MnO, P,O,. Na,O, and K,O and low MgO. C a o , and Alzo, [ K a y er al., 1970 : Srheideyger, 1973 : Derrick and Lynn. 1975 ; Vogt and R y n I y , : Waleham, 1977 llelancy et al., 19821 . Ferrobasalt ( > 10",1 Feo*, total iron calculated as F e o ) is particularly abundant near the Juan de Fuca Ridge-Blanco Fracture Zone intersection and 20-30 km south of the Cobb orset. The maximum iron and titanium enrichment in the l a w s occurs behind zones identified as propagating rifts in both regions [Wilson ct al.. 19841. High-amplitude magnetic anomalies (60C-1200 gammas) are spatially associated with ferrobasalt at the Juan de Fuca Ridge-Blanco Fracture Zone intersection [ k-ogt and Byerlp, 19761. Vogt and Byerly postulated that the iron and titanium enrichment could result from fractional crystallization in a subaxial conduit transporting magma longitudinally away from the Cobb hotspot and damming of the flow at fracture zones.
Incompatible element ratios are highly variable, both along the ridge and within single dredge hauls: most are intermediate between normal and enriched MORB [Liias and Rhodes, 19821 . The rare earth element (REE) patterns range from light REE depleted to light REE enriched with a dominance of fairly flat REE patterns [Schilling et al., 19821 . Sr isotopic ratios of basalt along the Juan de Fuca Ridge have a small range of values; the average *7Sr/s6Sr ratio is 0.70249 f. 0.00014. Though subtle variations exist along strike, the Sr isotopic data d o not show any systematic variation relative to the Cobb hotspot [Eahy er al., 19841. Smnv AREA
The study area is a 12-km segment of the axial valley approximately 15 km north of the Juan de Fuca Ridge-Blanco Fracture Zone intersection (Figure 1 ). This area was selected in part due to its relatively simple tectonic setting. The ridge segment has a linear symmetrical axial rift valley and is located away from hotspots and actively propagating rifts. Preliminary descriptions of dredged lavas, dredged sulfides, and the geologic setting of the ridge segment are published elsewhere [Eaby and Clague, 1982 Seismic reflection studies in the study area [Morton, 19841 show a weak reflector at approximately 2.3 km (0.8-1.0 s) depth interpreted as a shallow level magma reservoir. The low amplitude of the reflection suggests that the velocity contrast across the interface is small, gradational (i.e., partially crystalline mush), or both.
Deep-tow photographic surveys of the study area [Normurk et Lichrinan et al., 19831 indicate that lava in the axial valley is dominantly sheet and lobate flow forms, characteristic of high effusion rates . with rare pillows (Figure 34 , characteristic of low effusion rates. Most lava displays brilliant glassy reflections. The axial floor is smooth and unfissured outside a nearby continuous linear depression 5-25 m deep and 50-100 m wide that bisects the valley. Sediment cover within the axial valley is least ( <25ub) within the central zone of collapse features and increases toward the valley margin ( >25%). Zn-rich massive sulfide deposits are aligned along the central bathymetric depression. Valley walls are dominated by pillow flows lacking glassy reflections and having 40-80' !4, sediment cover. The inner valley walls, including a low terrace about 30 m above the valley floor, are formed by steep normal faults. Lava samples from the axial valley walls are dominantly pillow fragments texturally similar to samples from the axial valley. The outer glassy selvage has commonly spalled off leaving only a few millimeters of glass; palagonite thicknesses on original glass surfaces range from 5 to 16 pm, suggesting an age of 2000-5000 years. Three small porphyritic glass fragments recovered in dredge 8 are probably from the valley walls and are the only porphyritic samples collected in the study area. These flat glass chips contain 10% total phenocrysts with plagioclase >> augite > olivine. The porphyritic glass chips have the thickest palagonite and Mn-oxide coatings of all the samples. Where the dredge path could have sampled both the walls and valley, our assignment of location of the samples is based on lava age and morphology of the sampled fragments.
Chemical Composition
The host lavas for the xenoliths are mid-ocean ridge ferrobasalt that exhibits a narrow range of compositional variation. P e r a g e microprobe analyses of glassy margins of samples from each dredge are listed in Table 1 . A representative group of 16 X ray fluorescence whole-rock major and trace element analyses were selected from a larger set of 30 analyses and are listed in Table 2 . The lavas from the axial valley are enriched in iron and titanium (Feo* = 11.6-12.2 wt %, Tio, = 1.8-1.9 wt %, Mg number = 52.5-54.7) compared to normal MORB (Feo* < 10.0 wt %, Tio, < 1.5 wt %). Basalt from the axial valley walls is also ferrobasalt but exhibits a slightly wider compositional range; the most (Mg number = 50.3) and least (Mg number = 60.4) differentiated lavas are from the valley walls.
Normative compositions of the nearly aphyric lavas range from slightly (up to 1.5%) olivine normative to slightly (up to 1.7%) quartz normative with the vast majority of the samples being slightly quartz normative. The porphyritic sample 8-2 is the least differentiated lava from the area and contains 3.7% normative olivine. There is a general trend of decreasing normative olivine and increasing normative quartz with increasing FeO/MgO ratios, but higher Na,O values also force the norm toward higher normative olivine.
In general, increasing Feo*, Na,O, K,O, Tio,, P,O,, MnO, and SO, are coupled with decreasing MgO, A1,0,, and Cao. SiO, concentrations show no systematic variation with increasing Mg number. Plots of Tio, versus FeO*/MgO and C a 0 versus MgO illustrate these trends ( Figures 4a and 4b) ; data from the Galapagos spreading center at approxiniate longitudes of 85" and 95"W Clague et al., 1981; Fornari et al., 19831 Table 2 and shown on MgO variation diagrams in 
Phuiiocrgsts and h1icrcJphctiocr)Ists
Plagioclase compositions are given in Tables 3u and 3h . Plagioclase phenocrysts and microphenocrysts are weakly zoned. skeletal to euhedral laths in form, and up to 5 mm in length. Plagioclase phenocrysts in sample 8-2 range in composition from An,, to An--. The average composition of 46 microphenocryst analyses is An-, with a range of An,, to An,,. Analyses with maximum and minimum An contents for several samples are listed in Table 3~ .
Olikine occurs as euhedral. hopper, and skeletal microphenocrysts. Representatile olivine microphenocryst compositions are given in Table 4u and shown in Figure h . Olivine microphenocryst compositions range from Fo,, to Fo,,. The most magnesian olivine (Fo,,) occurs in sample 8-2.
Representative pyroxene analyses are ghen in Table 5 and shonn on the pyroxene quadrilateral in Figure 6 
Fractionution und Soirrce Charactcristics
Variations in major and trace element composition of ferrobasalt from the southern Juan de Fuca Ridge are similar to the variations in lavas with comparable F e o * h4gO ratic Number of (1)
(8)
(1) Glasses were analyzed for major and minor elements with a three-channel ARL-EMX electron microprobe using US. Geological Survey standards of A-99 for Ti, Na, Si, and Fe; VG-2 and Indian Ocean glass 113716 for Al, Ca, and Mg; K-spar 2 for K; apatite for P; pyrrhotite for S; and fayalite for Mn. Sample current was 15 nA and counting time was 60 s. Six or more were analyzed and averaged to give a representative value for the sample. Matrix corrections were made using a Fram72 program [Beeson, 19671. TMg # is the atomic proportion (Mg/Mg + Fe). $Fe0 = 0.9 x Feo*. These major element trends for the Juan de Fuca samples can be modeled by fractionation of plagioclase, clinopyroxene, and lesser olivine as described by Clague and Bunck [1976] . Fractionation, however, may not be a unique solution. Mixing of relatively primitive magmas with extremely evolved magmas residing in the subaxial chamber can produce nearly identical major element geochemical trends. The role of mixing will be developed later in the paper.
The Sr isotopic data [Eaby et al., 19841 and the trace and minor element ratios discussed above indicate that these lavas from the southern Juan de Fuca Ridge are derived from a relatively depleted source region. Several other samples from this section of the ridge have rare earth patterns that are depleted in light rare earth elements, as one might expect based on the other trace element and isotopic data. samples indicate that the older valley wall lavas were derived from a more depleted source than the younger valley floor lavas. This observation suggests that the source regions for Juan de Fuca MORB may be heterogeneous on a time scale of thousands to tens of thousands of years.
I?

XENOLITHS
Xenoliths comprise <<l% of the dredge contents. They range in size from 1 cm3 (glomerocryst) to 240 cm3 (Figures 7a  and 7b ). Xenoliths commonly occur near the upper glassy selvage and along fractures of the sheet and lobate flow fragments. The common occurrence of xenoliths on fracture surfaces suggests that a mechanism such as differential contraction during cooling between the host lava and the xenolith created strain that induced fracturing.
On the basis of texture and mineralogy, xenoliths have been subdivided into three types : type I : medium-grained; plagioclase + olivine + glass; type II: medium-grained; plagioclase + augite * olivine + glass; and type III: medium-to coarse-grained; plagioclase + augite + olivine -1-inverted pigeonite & Fe-Ti oxides + glass. All xenoliths have small volumes ( < 1%) of sulfide globules.
The following sections describe the textures and phase chemistry of each xenolith type. Compositions of plagioclase, olivine, pyroxene, oxides, and interstitial glass are given in Tables 3,4 , 5, 6, and 7 and shown in Figure 6 , 8, and 10. Glass inclusion data (Tables 8 and 9 and Figure 11 ) will be discussed separately. Modal compositions of xenoliths are shown in Table 10 . Plagioclase occurs as weakly zoned laths having the same compositional range as the microphenocrysts in the lavas. The compositional range in sample 17-12 is An,, to An,, and in sample 5-17 is An,, to An,,. The average composition of 24 analyses is An72.,, slightly more sodic than the average microphenocryst composition.
Olivine compositions within each sample are homogeneous; the range of olivine compositions in sample 17-7 is Fo,,., to Fo,,,, and in sample 17-12 is Fo,,,, to Fo,,.,. These compositions are intermediate between compositions of microphenocrysts and olivine in xenolith types II and III. The range of compositions in sample 5-17 is Fo,,., to Fo,,.,, which are more like those for olivine in type II xenoliths. N i 0 contents in type I olivine were not analyzed.
Interstitial glass (25-30 modal '
%O)
is compositionally similar to the surrounding host glass. FeO/MgO (using F e 0 = Feo* x 0.9) is 1.62 for the interstitial glass similar to 1.60 for the host lava. Interstitial glass contains 1.92 wt % Tio,, 2.58 wt Yn Na,O, and 0.18 wt YO P,O,.
Type I I Xenoliths
Type II xenoliths are composed dominantly of plagioclase, augite, and glass. Minor volumes of olivine are present. Samples 17-1 and 5-0 ( Figure 7a ) are representative of type II xenoliths and are described in detail below.
Sample 17-1, the largest open-textured xenolith (240 cm3), forms a toe of a sheet flow fragment and is texturally similar to glassy, highly porphyritic lava ( Figure 74 . Euhedral to subhedral augite, and rarely olivine, poikilitically enclose the plagioclase laths to form subophitic clusters. Abundant glass inclusions indicate rapid crystal growth. Glass adjacent to plagioclase and augite is opaque brown due to variolitic crystallization. Interstitial glass comprises 50 modal % of the xenolith and is pale translucent brown away from the crystal grain boundaries. Flow of melt around crystals is indicated by variations in color and incipient crystallization (Figure 7 4 . The absence of embayed crystals or mineral zonation suggests that glass and minerals have not reacted.
Sample 5-0 is a medium to coarse grained hypidiomorphic granular gabbro (Figure 7e ). Euhedral plagioclase laths are similar in size and morphology to those in 17-1 but exhibit slight zoning. Augite oikocrysts are up to 1 cm across. Interstitial glass (22 modal %) is opaque due to incipient crystallization. There is no evidence of interaction between xenolith minerals and the surrounding lava; mineral-glass interfaces are sharp with euhedral crystal forms.
The majority of the type II xcnoliths consist of subophitic to interstitial clusters of plagioclase + augite + glass, smaller than (< 1 cm3) but similar to xenolith 5-0. Rare inclusions of olivine in augite and vice versa occur, but generally these phases are not intergrown. Plagioclase laths in type II xenoliths range in composition from An,.,, to An,,., and have an average composition of An,,,,. Plagioclase in open-textured xenoliths (i.e., 17-1) is weakly zoned and shows little variation within a single xenolith. Plagioclase compositions from more crystalline xenoliths have slight normal oscillatory zoning. Early formed plagioclase laths, which are poikilitically enclosed by augite, tend to be more Ca-rich than small tabular grains growing adjacent to interstitital glass or at the xenolith-host lava boundary.
Olivine in type II xenoliths occurs as small discrete grains at the edge of the xenolith in samples 5-0 and 5-77 or as subhedral to anhedral grains subophitically enclosing small euhedral plagioclase laths in sample 5-1. These olivine grains are unzoned and range in composition from Fo,,,, to Fo,,.,.
Pyroxene in type II xenoliths occurs as homogeneous oikocrysts and more rarely as small discrete grains in the interstitital glass. The dominant compositional trend is one of decreasing Mg, Ca, and Cr and increasing Ti with increasing Fe content. Oikocrysts range in composition from Wo41 .5F%. ,En,,. 7 (sample 4-71 to Wo40.0Fs12.3En47.7 (sample 17-65). Analyses 11 and 14 in Table 5 are typical of most of the oikocrysts. An Fe-enrichment trend is also observed between oikocrysts and small augite grains in the interstitial glass or near the xenolith-host lava boundary. Analyses of pyroxenes from sample 5-1 (analyses 12 and 13 in Table 5) show that the oikocryst has 100 x Fe/(Fe + Mg) ratio of 15.9, while a small grain in the interstitial glass has a ratio of 21.5. The more differentiated composition of late forming pyroxene is also observed in samples 5-0 and 5-13.
Interstitial glass compositions in type II xenoliths define Fe-enrichment trends with increased crystallinity of the xenoliths. Compositions range from similar to the host lava (FeO/MgO (using F e 0 = Feo* x 0.9) ratio is 1.67) to more differentiated than the host lava (FeO/MgO ratio is 2.59). Tio, content ranges from 1.90 to 2.65 wt %. Na,O content ranges from 2.67 to 3.28 wt 'YO. P,O, content ranges from 0.20 to 0.33 wt 'Yo. K,O content ranges from 0.18 to 0.33 wt %.
Chemical variation trends defined by the interstitial glass are similar to trends observed in the host glass but extend to more evolved compositions. Figures 8a and 8b show increasing Tio, with decreasing Mg number and increasing PzO, and K,O at essentially the same P 2 0 , / K , 0 ratio.
Type I I I Xenolith
Type III xenoliths are generally coarser-grained. more crystalline, and mineralogically more evolved than types I and II. The most crystalline type II1 xenoliths are characterized by zoning in plagioclase and augite, a wide range of grain sizes, intricate intergrowth textures, and random mineral grain orientation. Type III xenoliths have reacted with the host melt more than the other xenolith types. Samples 26-1A, 5-7A, 5-7B, and 5-8B are typical of type III xenoliths (Figures 7h, 7f ; 7g. and 711).
Sample 26-1 A is a medium-grained hypidiomorphic granular intersertal gabbro. Grain sizes range from 0.1 to 6 mm for plagioclase, 0.3 to 3 mm for olivine, and 0.2 to 5 mm for augite. The texture is more equigranular than other type III xenoliths. Mineral grains have no preferred orientation. Plagioclase is subhedral to euhedral. Larger grains exhibit slight optical zonation. Although normal zonation is most common, rare oscillatory zonation is also present. Olivine and augite appear to have crystallized simujtaneously. Crystalmesostasis interfaces are sharp.
Samples 5-7A and 5-8B are coarse-grained hypidiomorphic granular olivine gabbro. In sample 5-7A olivine is the main continuous subhedral grains. Olivine and augite subophitically enclose plagioclase but do not enclose each other. Larger plagioclase grains are subhedral because of impingement of cocrystallizing olivine. Only 1 modal "6 interstitial glass remains. In sample 5-8B, augite is the main oikocryst phase which subophitically encloses plagioclase (up to 1 cm in length). Augite and plagioclase exhibit intricate intergrowth textures (Figure 9a) , indicating simultaneous growth. Normal and oscillatory zoning occurs in the larger plagioclase grains. In .5-7A and 5-8B the larger augite grains 'exhibit optical zoning. Interstitial glass comprises 3 modal O,,:Augite has no exsolution lamellae of orthopyroxene, but minute exsolution oikocryst phase and occurs as large (5 mm across). optically I Samples 5-7B and 16-7A consist dominantly of plagioclase and augite in a loose cluster of crystals. Pigeonite, found only during microprobe analysis, has not inverted and is optically continuous with adjacent augite. Minerals in these two samples have moderately differentiated compositions and exhibit zoning and evidence for reaction with the host melt. Zones of abundant glass inclusions occur between augite with different extinction angles and were probably trapped between intergrowing crystals.
Olivine in type III xenoliths is coarser-grained and more iron-rich than microphenocrysts in the host lava and olivine in xenolith types I and II. The average composition is Fo,,.,. Olivine in samples 26-1A occurs as small (< 1 mm) discrete grains with an average composition of Fo,,.,. Olivine in sample 17-3 occurs as two small grains at the edge of the xenolith with composition of Fo,,,,. Olivine in sample 5-7A occurs as large (5 mm) optically continuous subhedral grains and has the widest range in composition. Compositions of the cores of the large olivine grains range from Fo,,., to Fo,,.,. One olivine has a slight zonation from core ( F O ,~.~) to rim (FO,,,~). The most iron-rich olivine (Fo,~,,) occurs in sample 16-7B, a xenolith similar to 5-7A. Cao-contents range from 0.23 to 0.33 wt % and are lower than C a 0 contents of microphenocrysts and olivine in type II xenoliths.
Plagioclase in type III xenoliths is coarser-grained and more complexly zoned than plagioclase in type I and II xenoliths. There is broad compositional overlap between type II and III plagioclase. The average composition of 10 plagioclase analyses is An,,.,. In general, increasing iron enrichment in the interstitial glass is accompanied by decreasing An content in the plagioclase.
Plagioclase in sample 26-1A ranges in composition from An,,., to An,,,,. Two large plagioclase grains enclosed in olivine in sample 5-7A have An contents of 69.0 and 70.2%. lamellae of oxides occur along grain boundaries. Partially inverted pigeonite occurs as an interstitial phase; remnant cores of pigeonite are surrounded by coalesced blebs of augite in a host of orthopyroxene. Figures 9b, 9c, and 9d shows the blebby exsolution texture. Anhedral titanomagnetite and ilmenite occur in the interstitial glass and as isolated interstitial phases (Figures 9e and 9f) . Fe-Ti oxides do not show optical exsolution.
The presence of subtle planar extinction discontinuities in olivine and melt-filled fractures that crosscut mineral grains indicates that these xenoliths have been deformed (Figures 9g,  9h , and 99. The mesostasis-xenolith interface, along both the xenolith edge and melt-filled fractures, is more jagged indicating reaction with the melt. Plagioclase appears to have reacted with the host melt more than augite or olivine and commonly has a sawtooth appearance caused by fingers of melt intruding 4 the plagioclase (Figure 9h) Table 5 ) to WO,.~FS,,,,E~~,~, (analysis 24 in Table 5 ) and in sample 5-8B are W O~,~F S , ,~, E~, , .~ to Wo4,3Fs32,4En63.3 (analysis 26 in Table 5 ). One discrete grain of orthopyroxene (WO,~~FS,,,,E~~,,,) occurs in sample 5-7A. This orthopyroxene grain is adjacent to augite and probably represents complete migration of exsolved augite to the margin of an inverted pigeonite. Much of the scatter in the host-lamellae pair data occurs in the direction of the tie lines and probably reflects overlap of the electron beam on fine exsolution lamellae.
Minor element distribution in host-lamellae pairs are similar to contents in other terrestrial and lunar inverted pigeonites [DeVore, Brown, 1957; Carstens, 1958 Representative analyses of Fe-Ti oxides are given in Table  6 . Table 6 includes calculation methods of Stormer [1983] . Andersoiz [1968] , Carinichael [1967] , and Lindsley and Spencer Cl9821 for ulvospinel and ilmenite components, temperature, and oxygen fugacity to allow direct comparison of these data to data from other studies. Due to the high minor element contents (Mn, Mg, Al, and V) in the xenolith oxides, the recalculation method of Stormer is used in the text. Interstitial glasses are more evolved and have a wider compositional range than interstitial glasses in types I or II. FeO/MgO ratios (with F e 0 = Feo* x 0.9) range from 2.14 to 3.38 (see Table 7 ). Ranges in minor element contents are T i o z ~2.31-4.71 wt %, Na,O =2.9&3.91 wt %, K 2 0 = 0.21-0.69 wt YO, and P 2 0 , = 0.24-1.03 wt YO. CaO/Al,O, ratios vary from 0.62 to 0.76. Interstitial glass compositions for sample 5-7A are not reported because of beam overlap on incipiently crystallizing titanomagnetite and apatite.
Glass Inclusions
Glass inclusions are present in nearly every mineral phase and range in size from less than a micron across to more than a hundred microns in length. They usually exhibit negativecrystal shapes relative to the host crystal showing that they represent small volumes of magma entrapped during the growth of the crystal soh holt^ lind Kostyuk, 1975 ; Roedder.
19791.
Compositions of glass inclusions are presented in Table 8 are plotted on Figure Ilti . The wide scatter in the glass inclusion data is related to the type of xenolith, the composition of the host crystal, and the relative degree of crystallization of the inclusion. Glass inclusion compositions define a broad trend of increasing differentiation from type T to type III xenoliths. Analyses of glass inclusions and interstitial glass in each xenolith type ha\e similar ranges in elemental ratios, with the exception of sample 5-1 7, which compositionally resembles t>pe II xenoliths. Figure 1 l h shows the parallel trends, on a plot of F e O * C a O and FeO*/MgO, of data from glass inclusions, interstitial glass, and host lala. Superimposed on this trend is the effect of the growth of the host crystal. Crystallization results in a decrease of C a 0 when the inclusion is trapped in plagioclase. a decrease of MgO when trapped in olivine, or a decrease in C a 0 and MgO when trapped in augite. The distance of the xenolith from the glassy rim of the host lava controls the degree of crystallization of the host crystal [Clocchiutti, 19801. Thus the xenoliths located farthest from the glassy rim have glass inclusion compositions most displaced from the MORB fractionation trend.
The composition of the original trapped liquid may be calculated, however, by the intersection of fractionation lines of the coexisting host minerals on a triangular oxide plot [Wutson, 1976; Clocchiutti, 19771. Each Juan de Fuca xenolith type contains at least two different coexisting minerals; therefore glass inclusions can be used to estimate the magma composition. These estimated initial compositions are presented in Table 9 .
Crjatullizurion Sequence
In general, the crystallization sequence is coherent for the entire xenolith suite. The presence of euhedral plagioclase grains and its occurrence as inclusions in olivine and augite indicate that plagioclase was the liquidus phase for liquids from which the xenoliths crystallized. Textural evidence suggests that olivine and augite began crystallizing essentially simultaneously; rare intergrowths of olivine in augite and vice versa occur. but olivine and augite more commonly are mutually exclusive. Compositional evidence suggests that olivine may have begun crystallizing slightly earlier than augite be- Analysis 12 from core or oikocryst; 13 from small grain at edge of xenolith; analyses 18,23 and 19,25 are host-lamellae pairs. Pyroxene data were obtained using a ARL-SEMQ automated nine-channel microprobe and reduced using the matrix correction program of Bence and Albee [1968] . Standards used in analysis of pyroxene were synthetic Di-Jd for Si, Ca, Mg, Na, and Al; Tio, for Ti; Cr,O, for Cr; Mn,O, for Mn; and fayalite for Fe. Sample current was 20 nA, and counting time was 60 s. taug = augite; aug-ex = exsolved augite; pig = pigeonite; opx = orthopyroxene.
cause the least evolved compositions are from type I (olivine + plagioclase) xenoliths. Primary pigeonite occupies interstitial positions and is a late crystallizing phase. Fe-Ti oxides were the last phases to crystallize and occur in the interstitial glass or along grain boundaries.
These observations suggest the following paragenetic sequence for the xenoliths : initial crystallization of plagioclase followed by plagioclase i-olivine + augite, plagioclase + olivine -Í-augite + pigeonite, and plagioclase -k olivine iaugite + inversion of pigeonite f Fe-Ti oxides. After crystallization of pigeonite and Fe-Ti oxides the xenoliths underwent ductile deformation, indicated by subtle kink banding in olivine, and brittle fracture, indicated by melt-filled fractures crosscutting the most crystalline xenoliths. Quenching of the xenoliths in the host lava preserved the different stages in the crystallization history.
The crystallization sequence defined by the xenoliths is similar to the sequence found in lavas from the Galapagos spreading center at approximately 85"W. Per5t and Fornari Cl9831 found the following crystallization sequence in Gala- .?
pagos lavas : initial crystallization of plagioclase iolivine followed by plagioclase + augite + olivine, plagioclase i-augite + pigeonite, and plagioclase + augite + pigeonite -t FeTi oxides. In the Galapagos lavas, olivine ceases to crystallize in ferrobasalt containing small microphenocrysts of pigeonite. The coexistence of olivine and pigeonite in the most crystalline xenoliths reflects the metastable assemblage caused by continued differentiation of the residual melt during in situ crystallization. The crystallization sequence found in the Juan de Fuca Ridge xenoliths and Galapagos spreading center lavas differs from results of crystallization experiments done on a differentiated sample from the Oceanographer Fracture Zone [Walker et al., 19791 in the lack of chromian spinel as a near-liquidus phase, the occurrence of olivine before augite, and the occurrence of magnetite. Figure 6 is a compilation of pyroxene, olivine, and plagioclase data for phenocrysts, microphenocrysts, and xenoliths. Plagioclase shows a less systematic variation between xenolith types. Plagioclase in type II and type III xenoliths show similar ranges in composition but are more sodic than those in type I xenoliths or the microphenocrysts.
General Mineral Trends
Olivine analyses provide the most conclusive evidence that the xenoliths formed in equilibrium with melts more evolved than the host lavas because olivine-liquid Fe/Mg partitioning is independent of temperature [Roeder, 19741. Olivine-melt equilibrium calculations for microphenocrysts and host lava using [Roeder, 19741 indicate that the distribution coefficient (Dol-Liq) is approximately 0.24 (assuming that all iron is Feo). An assumed distribution coefficient of 0.30 results in calculated FeO/FeO* ratios of 0.74-0.84. Perjt and Fornari Cl9831 arrived at a similar conclusion for olivine phenocrysts from the Galapagos spreading center.
Olivine shows and Fe-enrichment trend from type I to type III (Figure 12) . In contrast to the host lava-microphenocryst equilibria, however, the xenolith olivine-interstitial glass equilibria calculations are consistent with the melt having Feo/ Feo* ratio of 0.9 and olivine-melt distribution coefficient of approximately 0.30. The higher FeO/FeO* ratios imply that the conditions of formation of the gabbros are more reduced than the conditions of foimation of the microphenocrysts.
Pyroxene shows a systematic decrease in Cr,O,, increase in Tio,, and slight decrease in Alzo, with increasing Fe/ (Fe -t Mg) ratio (Figure 10 ). These data suggest that the xenoliths are comagmatic. Augite compositions of type II and type III xenoliths overlap, but the most Fe-enriched augite occurs in a type III xenolith with partially inverted pigeonite. Cdmpositions of augite phenocrysts and microphenocrysts do not follow the Fe-enrichment trend defined by the different xenolith types but instead are depleted in Ca WO^^-^,,) and enriched in Al at relatively constant Fe/Mg ratios. Similar trends have been noted in Ca-pyroxenes from DSDP hole 425 with extremely high MgO melts [Haggerty, 19763. If melt composition were the only factor, then ilmenite crystallizing from extremely differentiated melt, as is indicated by the silicate mineralogy in the Juan de Fuca Ridge xenoliths, should have low MgO contents. Pinckney and Lindsley [1976] increases with decreasing temperature. Ilmenite grains with vastly different MgO contents occur within millimeters of one another; therefore it is unlikely that temperature differences caused a factor of 2 difference in Mg content. The origin and significance of the high-Mg ilmenite is unknown.
Geothermometry and Cooling Rate
Plagiclase-melt equilibria calculations [Drake, 19761 for samples 5-7A and 8-2 indicate that the phenocrysts and microphenocrysts in the host lava are in equilibrium with a dry melt in the temperature range of 120O0-125O0C. The presence of water in the melt increases the An content of plagioclase [Johannes, 19781 and results in calculation of anomalously high temperatures ; hence the plagioclase-melt equilibria temperatures for a dry melt are maximum temperature estimates, although the low volatile content estimates in normal MORB [Delaney et al., 19781 and ferrobasalt [Byers et al., 1983, 19841 suggest that water in the melt should not have significantly affected plagioclase equilibrium.
Use of the Lindsley [1983] graphical geothermometer for augite in type II xenoliths yields estimates of crystallization temperatures of 1 10O0-12OO0C. The temperature range for phenocrysts and microphenocrysts is 1100"-1300"C; these estimates are not reliable because of quenching control of C a 0 content. Subsolidus equilibrium temperatures can be estimated by using coexisting orthopyroxene-augite-pigeonite assemblages found in inverted pigeonite. Compositions of hostlamellae pairs in sample 5-8B and 5-7A yield temperature estimates of 1100"-1150"C and 1 13OoC, respectively. Noninverted pigeonite in sample 5-7B also yields a temperature of 1130°C. High-Fe augite in sample 5-72 gives a temperature of 1090°C.
The presence of exsolved Ca-rich pyroxene in pigeonite indicates slow cooling. The character of exsolution lamellae in pyroxene reflect bulk composition, maximum temperature, and cooling rate [Robinson, 19801. Inverted pigeonite with blebby augite, similar to inverted pigeonite in the Juan de Fuca xenoliths, has been called "Kintoki-San type" [Kuno, t showed that the preference of Mg for the rhombohedral phase *' We assume that inversion of pigeonite and other subsolidus equilibration reactions in the xenoliths would have proceeded to completion had eruption and quenching not abruptly changed the rate of cooling. Therefore the similarity in texture between pigeonite from the xenoliths and that from the Palisades Sill implies that the rate of cooling of the Palisades Sill was greater than that of the magma chamber source of the xenoliths.
Estimates of temperature and logf,, using the Stormer calculation method for composite Fe-Ti oxides are 1027°C and -10.47 in sample 5-8b (Pair 1 + 3) and 1054°C and -9.92 in sample 5-7a (pair 6 + 9). The composite grains should be the most reliable T and fo,indicators. Calculations based on Carmichuel [1967] and Lindsley and Spencer [1982] yield T estimates consistently lower by 40"-60"C and logf,, lower by up to 1.30. Scatter in the estimates increases with increasing minor element contents. The use of high-Mg ilmenite in the magnetite-ilmenite mineral pair results in lower temperature estimates (859'-919"C) and lower logf,, estimates (-12.5 to -14.0). Maximum and minimum temperature and foz estimates are shown in Table 6 . Lack of optically resolvable Fe-Ti oxide exsolution indicates quenching without significant slow cooling after oxides formed.
Discussion
Textural evidence from the Juan de Fuca Ridge xenoliths suggests that the xenoliths formed by in situ crystallization near the margin of a magma chamber. Xenoliths from Juan Several lines of evidence indicate that the Juan de Fuca xenoliths formed by quenching of a not yet holocrystalline mush and not by partial melting of a holocrystalline gabbro. Examination of the entire textural suite shows that for the more open-textured xenoliths, euhedral grains are set in a matrix of glass. The grain size and crystallinity increase at the expense of interstitial glass. An interstitial origin for the glass in the more crystalline xenoliths is indicated by the location of glass in interstitial areas at grain contacts, homogeneity of glass within a given xenolith regardless of adjacent mineral phases, and absence of reaction textures at interstitial glassmineral contracts.
In contrast to the sharp interstitial glass-mineral boundaries, evidence of disequilibrium between melt and xenolith minerals occurs at host lava-xenolith mineral and injected melt-xenolith mineral boundaries for the most differentiated type III xenoliths. Thus some reaction between xenoliths and host lava occurred between the time of entrainment and the time of quenching on the seafloor, but evidence of partial melting to produce the interstitial glass is not present.
The response of the xenoliths to stress is a function of their texture and temperature at the time of deformation. Xenolith 17-1 has swirls of melt around the crystals, while xenoliths 5-7A and 5-SB are crosscut by melt-filled fractures. Based on the previous discussion of geothermometry, these type III xenoliths equilibrated to temperatures of approximately 1OOO' C but no lower before they were quenched at the surface. The confining pressure during fracturing is difficult to constrain because fracturing could have occurred in the magma chamber as the fragment was ripped from the wall rock, during transport to the surface. or during eruption. Nonetheless, the gabbro xenoliths were brittle enough to be fractured. Fracturing has also been documented in Cayman Trough gabbros, where Malcolm C198 11 interpreted veins of clinopyroxene a:id brown hornblende as residual magmatic fluid injected into fractures in the gabbros near their solidus temperature.
The most striking features of the xenoliths are their evolved composition with respect to the host lava and the sharp textural contrast between the xenoliths and the nearly aphyric host lava. ul., 19781 and are interpreted to be cognate xenoliths. Gabbro xenoliths from Iceland are most common in porphyritic basalt and can be explained by a single episode of crystallization. A large gabbroic xenolith with composition more evolved than the host melt occurs in basalt from DSDP site 504B near the Costa Rica Rift [Nntland, 19831. This single xenolith was interpreted to be a fragment removed from the walls of a Analyses 1 and 3 are from a composite grain, as are 6 and 9. Fe-Ti oxide data were obtained using an ARL-SEMQ automated nine-channel microprobe and reduced using the matrix correction program of Bence and Albee [1968] . Standards used in the analysis of Fe-Ti oxides were synthetic V-doped diopside for Si and V; Fe,O, Fe; Tio, for Ti; synthetic spinel for Mg and AI; Mn,O, for Mn and Tiebaghi chromite for Cr. Sample current was 20 nA. The vanadium intensity (k-alpha) was calculated by subtracting the Tiky8 peak from the measured total intensity. magma chamber or shallow conduit system that originally contained more fractionated melt. The abundance of glass and a broad spectrum of texture and compositions in the Juan de Fuca xenolith suite suggest that formation of the gabbros is intimately involved with the magma chamber and not the product of crystallization in a small isolated magma pocket.
The evolved compositions suggest the existence of melt more evolved than the host melt in the magma chamber.
HAWAIIAN LAVA LAKES: AN ANALOGY
A puzzling aspect of the xenoliths is the large variability in mineral modes (Table 10) Hel; , 19801 . Wriglir und Peck [1978] also note that the composition of the liquid will vary in composition according to the eficiency of the filter press in separating liquid from crystals. Differences in the ratios of minerals brought in will produce a differentiate that does not lie on a "liquid line of descent." Heir [ 19801 documents that the total thickness of segregation veins in Kilauea Iki, the largest and most complex of the Hawaiian lava lakes. is 3-6 m in the central part of the lake. corresponding to 6-1 l c r a L of the upper crust. Formation of segregation veins in the crystallizing zone a b m e the southern Juan de Fuca Ridge magma chamber can explain the highly variable hulk compositions of the xenoliths and the dmiation from a simple liquid line of descent.
Segregation \eins need fractures to form. Fracturing in lava lakes. which are static bodies. may be associated with degassing of labs and partially molten crust. Additional large horizontal fractures may form when the upper crust hecomes more or less supported by the rvalls of thr crater and fails to track the lens of melt as it cools and solidifies [Wright utid Okuniuru, 19771. Mid-ocean ridge magma chambers differ from Hawaiian I a a I d e s in that volatiles are kept in solution by high hydrostatic and lithostatic loads. The absence of volatile release as a fracturing mechani\m. honeler. is more than compensated for by acthe tectonics at mid-ocean ridges. Lava lake studies show that fracturing can be sustained down to the crust-melt interface. Similarly. rifting at the ridge crest in the oceanic environment may cause fractures that extend to this boundary. Rifting of the oceanic crust, therefore, may cause percolation of differentiated liquids into fractures at or near the ridge crest at mid-ocean.ridges.
MAGMA MIXING AND FORMATION OF XENOLITHS
We favor a model of repetitive magma chamber replenishment to account for the presence of xenoliths within aphyric lava. Replenishment occurs before the magma chamber has completely solidified and resuk-in mixing, rejuvenated convection, and superliquidus temperatures [Walker et al., 19791 . The boundary for rejuvenated convection would be the brittleductile boundary, approximately 45% liquid, as defined by the Hawaiian lava lake studies. The host lava is a hybrid formed by mixing highly evolved residual melt with a new batch of primitive melt [Clague et al., 19831. Mixing is supported by the homogeneous lava composition within the axial valley and is probably controlled by density differences. Dense picritic magma may pond at the base of the magma chamber after injection as modeled by Huppert and Turner [1981] . Sparks et al. [1980] calculated that the density of picritic liquids decreases with decreasing temperature due to removal of olivine. The density of ferrobasalt, on the other hand, increases with decreasing temperature due to removal of dominantly plagioclase. Convective mixing will occur when the density of the overlying ferrobasalt is greater than or equal to the density of the underlying olivine tholeiite to picrite. Eruption may be triggered by injection of the next batch of primitive magma. The time between injections of melt must be long enough to allow mixing and resorption of phenocrysts to occur but not long enough to allow the hybrid melt to cool to the liquidus temperature when new phenocrysts would form.
The linear rift valley, abundance of sheet flows, absence of fissuring, and active hydrothermal venting in the U.S. Geological Survey (USGS) study area suggest that the magma chamber has been replenished within the last few hundred years. Initial conduit formation for the eruption fractured the crystallizing boundary zone of the magma chamber. High effusion rate eruptions of superliquidus magma, responsible for the formation of extensive aphyric sheet flows, carried the gabbro fragments to the surface. CONCLUSIONS Basalt from the southern Juan de Fuca Ridge is ferrobasalt derived from a depleted MORB source. Subtle differences in trace element ratios between basalt from the axial walls (2000-5000 years old) and axial valley floor (age < 1000 years) indicate that mantle source regions for Juan de Fuca MORB are variable on a time scale of thousands to tens of thousands of years.
Rare glassy gabbroic xenoliths found in this aphyric ferrobasalt are divided into three types based on mineralogy and texture; two types are more evolved than the host lava. The coarsest-grained xenoliths equilibrated to temperatures of Fig. 12 . Plot of (Feo*, MgO),, versus (FeO*:MgO),,, showing olivine-rtielt equilibria based on the method of Roeder [1974] . Arrow extends from analyzed (FeO*'MgO),, (all iron as Feo) to ( F e 0 'MgO),,, using F e 0 = 0.9 x Feo*. blii-ine-melt pairs are composed of phenocrysts (open square) and microphenocrysts (open circle) with host glass, and xenolith olivine with coexisting interstitial glass. Calculated I(, for phenocrysts. microphenocryst-host glass pairs are lower than K, calculated for xenolith olivine-interstitial glass pairs.
1 100'-1150"C based on two-pyroxene geothermometry and 1030-1050°C based on Fe-Ti oxide geothermometry. These coarsest-grained Xenoliths were able t o sustain brittle fracture.
Gabbroic xenoliths represent partially crystalline wallrock formed by in situ crystallization a t the top of the magma chamber. The formation of segregation veins of differentiated material by filter pressing, as documented in, Hawaiian lava lake studies, may be a n important process in in situ crystallization a t mid-ocean ridges. Crystallization of some xenoliths from these segregation veins may explain the great variability in mineral modes and the abundance of augite + plagioclase xenoliths.
We propose that the magma chamber under the southern 
